Strain 30AT (T = type strain), which was isolated from an anaerobic bioreactor fed on waste from a potato starch factory in De Krim, The Netherlands, is a nonmotile, gram-positive, anaerobic, rod-shaped organism that is able to degrade various amino acids, including alanine, leucine, isoleucine, valine, serine, and threonine. Acetate is required as an electron acceptor for the utilization of alanine, valine, leucine, and isoleucine. Other growth substrates, including pyruvate, a-ketobutyrate, a-ketoisocaproate, cu-keto-3-methylvalerate, a-ketoisovalerate, and peptone, are intermediates in amino acid catabolism. Strain 30AT utilizes neither the branched-chain amino acids nor alanine via interspecies hydrogen transfer with methanogenic and sulfatereducing bacteria or via the Stickland reaction with proline or glycine as an electron acceptor. No growth occurs with the following electron acceptors: fumarate, nitrate, nitrite, sulfite, sulfate, and oxygen. Yeast extract is required for growth. Sugars are not degraded. The optimal temperature and optimal pH for growth are 39 to 43°C and 6.4 to 7.6, respectively. The results of a 16s rRNA sequence analysis phylogenetically placed strain 30AT in Clostridium group I (genus Clostridium sensu stricto), where it forms a new and distinct line of descent.
In most investigations of anaerobic degradation of amino acids the workers have focused on fermentation by Clostridium species (1, 3, 9, 10, 17, 27, 28) . Studies performed with species of several other genera (viz., the genera Peptostreptococcus [4, 421, Campylobacter [22, 311 , Acidaminobacter [39] , Megasphaera [41] , Eubacterium [12, 451 , and SeZenomonas [15, 32] ), most of which are members of the low-G+C-content Clostridium subphylum of the gram-positive bacteria, have also contributed to our knowledge of anaerobic metabolism of amino acids.
Several workers have reported that in addition to the usual end products produced during fermentation of amino acids (i.e., carbon dioxide, volatile fatty acids, and ammonia), hydrogen is formed (3, 4, 15, 39, (42) (43) (44) . The importance of hydrogen consumption in interspecies hydrogen transfer during the degradation of amino acids has been investigated during the last decade (30, 33, 34, 35, 39, 45) . The first step in the degradation of several amino acids (e.g., the branched-chain amino acids) is invariably an oxidative deamination that is usually followed by an oxidative decarboxylation of the resulting keto acid (1) . Oxidative deaminations are always endergonic under standard conditions and therefore depend on the removal of the electrons produced in this step (35) . It is known that these reactions are also possible through the Stickland reaction (43, 44) in addition to interspecies hydrogen transfer. In previous studies of the importance of interspecies hydrogen transfer for amino acid degradation in anaerobic mixed cultures, researchers obtained preliminary evidence that there are fermentative organisms that use acetate as an electron sink (33) . In this paper we describe the properties of strain 30AT (T = type strain), a new organism isolated from such cultures; in pure culture this organism can oxidatively deaminate alanine and the branched-chain amino acids by transferring the reducing equivalents to acetate with the production of butyrate as the reduced end product.
MATERIALS AND METHODS
Media and cultivation methods. The medium used in this study contained (per liter) 1.2 g of NaCl, 0.15 g of CaCl, * 2H20, 0.4 g of MgC1, * 6H20, 0.28 g of Na2S04, 0.3 g of KCl, 0.3 g of NH4CI, 0.2 g of JSH2P04, 2.35 g of NaHCO,, 0.12 g of Na,S -9H20, 0.001 g of resazurin, and 2.0 g of yeast extract. In addition, a trace elements solution (1 mlfliter) and avitamin solution (1 ml/liter) were added to the medium. The trace elements solution contained (per liter) 1,500 mg of FeCI, * 4H,O, 70 mg of ZnC1,lOO mg of MnC1, -4H20, 62 mg of H,B03, 190 mg of CoCl, * 6H,O, 17 mg of CuCl, -2H,O, 20 mg of NiC1, -6H,O, 30 mg of Na,Mo04 -2H20, 33 mg of Na,WO4 -2H20, and 26 mg of Na,SeO, * 5H,O.
The vitamin solution contained (per liter) 100 mg of p-aminobenzoic acid, 100 mg of riboflavin, 200 mg of thiamine, 200 mg of nicotinic acid, 500 mg of pyridoxamine, 100 mg of cobalamin, 20 mg of biotin, 50 mg of folic acid, 100 mg of lipoic acid, and 100 mg of pantothenic acid.
The medium was prepared as described by Nanninga and Gottschal (33) . Growth experiments were performed in 15-ml tubes or 118-ml bottles sealed with butyl rubber stoppers. The gas phase consisted of N, and CO, (80:20, vol/vol), and the pH of the medium was 7.0. Most substrates were added from autoclaved stock solutions; the exceptions were some heat-sensitive compounds, which were filter sterilized.
Growth experiments with strain 30AT were performed by using an inoculum from exponentially grown cultures containing leucine (20 mM) and acetate (30 mM). The inoculum size was 2% of the fresh culture volume, and the temperature was 37°C. When strain 30AT was cocultured with Methanobacterium formicicum or Desulfovibrio sp. strain DK81, the experimental bottles were inoculated with equal volumes of the hydrogen consumer and the producer, and the inoculum sue was 5%. M. fomicicum was preincubated in the presence of H2-C02 (80:20), and Desulfovibrio sp. strain DK81 was pregrown in the presence of 5 mM lactate and 10 mM sulfate. In one case strain 30AT was inoculated into a culture of M. fomicicum growing in the presence of H,-CO, (80:20) that also contained leucine (20 mM) and acetate (30 mM) in the medium. Before strain 30AT was added, the H,-CO, gas phase was replaced with N,-CO, (80:20).
The purity of strain 30AT was checked regularly by using 2% agar plates containing 20 mM leucine-30 mM acetate as the substrate. Cysteine hydrochloride (0.025%) was also used to reduce the medium. The bacterium was maintained by regular transfers (every 2 to 3 weeks) in a liquid medium containing 20 mM leucine-30 mM acetate as the substrate.
Source and isolation of strain 30AT. Strain 30AT was isolated from a bioreactor at the purification plant of the AVEBE potato starch factory in De Krim, The Netherlands (33) . The agar shake culture method (36) was used with leucine and acetate as the substrates for isolation.
Morphological characterization. Log-phase cells were fixed in 3% glutaraldehyde in 100 mM sodium cacodylate buffer (pH 7.2) for 2 h at 0°C. The cells were post fixed with a mixture containing 1% OsO, and 5% K2Cr207 (2:l Physiological and biochemical tests. The optimum temperature and temperature range were determined by using 20 mM leucine-30 mM acetate as the substrate. The optical densities at 660 nm were used to calculate the maximum growth rate. To assess growth at different pH values, the medium was prepared without bicarbonate and with only N2 in the gas phase. The medium was buffered (30 mM) with Tris-hydrochloride (pH 5.0 to 5.9), sodium phosphate (pH 6.1 to 7.8), and sodium citrate (pH 8.2 and higher) buffers. The concentrations of various energy sources and electron acceptors used in utilization tests were 20 and 30 mM, respectively.
To determine the Gram character we used the method described by Gregersen (14) and the KOH method (6) .
16s rRNA gene sequence analysis. DNA was extracted from cells by the method of Lawson et al. (24) . The 16s rRNA gene was amplified as described previously (18) and was purified by using a Prep-A-Gene kit (Bio-Rad) according Lo the manufacturer's instructions. The sequence of the 16s ribosomal DNA fragment was determined by using a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems) and an Applied Biosystems model 373A automated sequencer. Phylogenic analyses were performed by using the PHYLIP package (11) . A distinct matrix was obtained by using the DNASIST program, and a phylogenic tree was constructed by using the neighbor-joining method and the NEIGHBOR program. The stability of the relationships was assessed by the bootstrap method with the SEQBOOT, DNASIST, NEIGHBOR, and CON-DENSE programs.
DNA base composition. The G + C content of strain 30AT was determined by the thermal denaturation method by using a Gilford model 2600 specrophotometer equipped with a model 2527 thermoprogrammer and was calculated by using the equation of Marmur and Doty (26) , as modified by De Ley (8) . Escherichia coli K-12 strain DSM 485 (G+C content, 51.7 mol%) was used as the control.
Cytochromes. The presence of cytochromes was investigated by recording air-oxidized-versus-dithionate-reduced spectra of whole cells with a Shimadzu model UV-1601 UV-visible spectrophotometer.
Analytical procedures. The supernatants of outgrown cultures were used to analyze the various substrates and end products. Ammonium and formate contents were determined by colorimetric assays as described by Richterich (37) and Lang and Lang (23), respectively. Gas chromatographic methods were used to analyze volatile and nonvolatile fatty acids (33) and alcohols (21), as well as hydrogen and methane (13) . The amino acids were analyzed by high-performance liquid chromatography (HPLC) by using phthalaldehyde as the derivatization agent (29) . The amounts of cell carbon and total organic carbon were determined with a Shimadzu model TC-500 carbon analyzer by using biphthalate as the standard for dissolved organic carbon. Cell densities were determined by determining the optical densities at 660 nm in a 1-cm cuvettes containing cultures with a Vitalab colorirneter (Vital Scientific, Dieren, The Netherlands).
Nucleotide sequence accession number. The partial 16s rRNA gene sequence of strain 30AT has been deposited in the EMBL data library under accession number X79862.
RESULTS
Source and isolation of strain 30AT. In a previous mixedculture study, Nanninga and Gottschal(33) presented evidence that valine-and leucine-fermenting bacteria depend on acetate as an external electron acceptor. A strictly anaerobic, rodshaped, amino acid-fermenting bacterium was isolated from the mixed cultures; this organism, strain 30AT, originated from a bioreactor at a purification plant at the AVEBE potato starch factory in De Krim, The Netherlands. Pure cultures of strain 30AT were obtained from a serial dilution by using the agar shake culture method (36) with 20 mM leucine-30 mM acetate as the substrate. On the basis of its morphological and basic physiological properties (see below), strain 30AT was tentatively identified as a Clostridium sp. strain.
Cytological properties. Clostridium sp. strain 30AT cells were straight rods (1 by 6 pm) that occurred as single cells, sometimes in pairs, and rarely in chains (Fig. 1A) . The cells were nonmotile, and flagella were not observed in preparations containing negatively stained cells. Spore formation was not observed. Boiling (10 min) did not induce spore formation. The cells exhibited a cell wall structure typical of gram-positive organisms (Fig. 1B) . Large inclusions were commonly seen in the cytoplasm (Fig. lA) , and a very thin (7-nm) S-layer was observed (Fig. 1C) . The cell wall was 25 nm thick. Dithionitereduced-versus-air-oxidized difference spectra of whole cells grown on leucine and acetate did not yield evidence that cytochromes were present (data not shown). 16s rRNA sequence analysis. The partial 16s rRNA gene sequence of strain 30AT that we determined consisted of 1,500 nucleotides, which represented approximately 97% of the total rRNA molecule. This new sequence was compared with a data set containing more than 300 sequences of clostridia and other low-G+ C-content gram-positive bacteria. Sequence similarity calculations revealed that the closest relatives of strain 30AT are members of Clostridium group I. Figure 2 is a phylogenic tree that was constructed from a matrix of calculated evolutionary distances and shows the position of strain 30AT within Clostridium group I and related organisms. The G+C content of Clostridium sp. strain 30A was 29 mol%.
Physiology. The dynamics of growth in batch culture and the formation of fermentation products by Clostridium sp. strain 30AT grown on 20 mM leucine-30 mM acetate and on leucine alone are shown in Fig. 3A and B, respectively. Only a little growth occurred on leucine alone (Fig. 3B) , whereas good growth (maximum growth rate, 0.11 h-') occurred on the leucine-acetate mixture (Fig. 3A) . Leucine was degraded to isovalerate, CO,, H,, and NH, with the concomitant reduction of acetate to butyrate. The ammonium concentration was 17.5 mM at the end of the experiment (100 h) for the leucineacetate mixture, and all of the leucine had been fermented. Addition of acetate (14 mM) to bottles incubated for 85 h with leucine alone resulted in immediate degradation of the leucine and reduction of the acetate to butyrate (Fig. 3B) .
Acetate was also required for the degradation of valine, isoleucine, and alanine, whereas serine, threonine, and pyruvate could be completely degraded without acetate. During growth on serine, threonine, and pyruvate more biomass (15 to 40%) was produced in the presence of acetate than in the absence of acetate. Growth also occurred on peptone. Keto acid intermediates obtained from amino acid degradation, including a-ketobutyrate, a-ketoisocaproate, a-keto-3-methylvalerate, and a-ketoisovalerate, could be partially degraded when they were used as single carbon and energy sources (Table 1) . Complete degradation of these substrates occurred when acetate was included in the medium. Leucine and a-ketoisocaproate were degraded to isovalerate, whereas butyrate was the only volatile fatty acid found during pyruvate metabolism (Table 1) . Serine was degraded to formate, acetate, and large amounts of butyrate, whereas threonine was converted predominantly to propionate and, to lesser extents, to 2-aminobutyrate and glycine. The keto acids were all decarboxylated to their respective fatty acids. Thus, a-ketobutyrate, a-keto-3-methylvalerate, and a-ketoisovalerate yielded propionate, 2-methylbutyrate, and isobutyrate, respectively. Relatively high amounts of hydrogen (>0.25 mol/mol of substrate) were produced with all of the substrates except serine, threonine, and pyruvate; with the latter three substrates <0.1 mol of hydrogen per mol of substrate was produced. Other substrates that were tested but were not utilized were ethanol, citrate, succinate, acetate, propionate, fructose, lactose, glucose, H,-acetate, and all other amino acids. No degradation of leucine was observed when Clostridium sp. strain 30AT was cocultured with hydrogen-consuming bacteria or in the presence of glycine or proline, amino acids which serve as electron acceptors in the Stickland reaction. In addition, Clostridium sp. strain 30AT was not capable of using fumarate, nitrate, nitrite, sulfite, sulfate, or oxygen as an electron acceptor. Yeast extract was required for growth.
The optimum temperature for growth of Clostridium sp. strain 30AT ranged from 39 to 43"C, and no growth was observed at temperatures below 20°C and above 47°C (Fig. 4A) . The optimum pH was between 6.4 and 7.6, and no growth was observed at pH values below 5.8 and above 8.5 (Fig. 4B) .
DISCUSSION
Comparison of Clostridium sp. strain 30AT with other clostridia. (i) 16s rRNA sequence analysis. It was evident from both the distance calculations and the treeing analysis that Clostridium sp. strain 30AT is phylogenetically closely related to members of Clostridium group I sensu Johnson and Francis) (7) . Within this group strain 30A forms a distinct line that is separate from all previously recognized clostridial species (data not shown). The closest known relatives of Clostridium sp. strain 30AT are Clostridium cochlearium, Clostridium tetani, Clostridium malenominatum, and Clostridium tetanomoiphum, although sequence divergence values (approximately 6 to 8%) and the results of bootstrap analyses indicate that this association is not particularly significant (Fig. 2) . Clostridium group I includes the type species of the genus Clostridium, Clostridium butyricum, and it is now generally, if not universally, recognized that this cluster of organisms represents the genus Clostridium sensu strict0 (7) . Although spores were not observed in Clostridium sp. strain 30AT, there is no doubt from the phyloge- 
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4. Growth rate of strain 30AT as a function of temperature (A) and pH (B) when the organism was grown in sodium bicarbonate buffer at pH 7. T, temperature; Fmax, maximum growth rate. members of Clostridium group I. However, we note that Eubacterium limosum, the type species of the genus Eubacterium, is phylogenically far removed from Clostridium group I and is a member of Clostridium cluster XV (7) . Assignment of Clostridium sp. strain 30AT to the non-spore-forming genus Eubacterium can therefore be ruled out.
(ii) Amino acid utilization. Clostridium sp. strain 30AT is able to degrade six different amino acids to various fatty acids, carbon dioxide, hydrogen, and ammonia, and acetate is re- The values obtained for fermentation products when yeast extract was used were subtracted from the values obtained in all incubation experiments. Samples were Most substrates were completely degraded; the only exception was a-ketoisocaproate when it was used as the sole substrate (8 mM was degraded). Acetate concentrations left in the experimental bottles. Total organic carbon concentrations in pellets of the cultures. quired as an electron acceptor during degradation of the branched-chain amino acids and alanine. To our knowledge, there are no other fermentative bacteria that have been described that grow exclusively by using acetate as an electron acceptor for growth on these amino acids. Dependence on interspecies hydrogen transfer is observed more commonly (for example, through metabolic coupling to methanogenesis [15, 34, 351 or sulfate reduction [33, 391 or by means of the Stickland reaction [43, 441) . Clostridium sp. strain 30AT appeared to be entirely dependent on the reduction of acetate for the degradation of alanine and the branched-chain amino acids. On the basis of these highly specialized physiological characteristics, Clostridium sp. strain 30AT does not belong to any of the previously described Clostridium species. Clostridium sp. strain 30AT does not utilize sugars like C. butyricum and Clostridium tyrobutyricum, two species that are known to use acetate as an electron acceptor during growth on mannitol and lactate, respectively (see below). In addition to the phylogenetic differences of C. cochlearium, C. tetanomoiphum, C. malenominatum, and C. tetani, these bacteria differ from strain 30AT in several aspects. Most importantly, they do not require acetate for growth. C. tetani and C. tetanomoiphum are both saccharolytic and proteolytic (17, 38) ; these two bacteria can also degrade amino acids that are not degraded by Clostridium sp. strain 30AT, including glutamate, glutamine, and histidine (17, 38) .
(iii) Use of acetate as an external electron acceptor. Acetate has been reported to be used as an external electron acceptor by some bacteria but not by clostridia growing on amino acids. For example, Kutzner (20) observed that acetate had some positive effects on degradation of mannitol by C. tyrobutyricum and C. butyricum. This author suggested that acetate was an electron acceptor that scavenged electrons that could not be transferred to protons and released as hydrogen. Heyndrick et al. (16) showed that acetate was indeed used as an electron acceptor by C. butyricum; the presence of acetate was even crucial for complete degradation of mannitol. The versatile bacterium Eubacterium limosum has been reported to use acetate as an external acceptor during growth on lactate and methanol plus carbon dioxide (2, 25) , and Genthner et al. (12) have suggested that this bacterium might reduce acetate to butyrate during growth on isoleucine. However, the amount of acetate converted to butyrate in that study was very low compared with the amount found in our investigation and was three times less than the amount required for stoichiometric electron transfer from isoleucine to acetate. It has been reported that Clostridium kluyveri requires acetate to degrade ethanol (2, 19) . Finally, Clostridium beijerinckii degrades lactate only in the presence of acetate, which is reduced to butyrate (5).
The most obvious pathway for the reduction of acetate to butyrate is the classical butyrate pathway used bv clostridia (1). Before acetate enters this pathway, it has to be activated to acetyl coenzyme A at the cost of 1 ATP. One-half of this energy is regained in the pathway leading to butyrate. On the basis of our results, it can be concluded that there is an absolute requirement for acetate for degradation of branchedchain amino acids and alanine (data shown for leucine). We found that the keto acid intermediates in amino acid degradation (a-ketobutyrate, a-ketoisocaproate, a-keto-3-methylvalerate, and a-ketoisovalerate) were only partially degraded unless acetate was included in the medium (Table 1) . When substrates that could be completely degraded in the absence of acetate (serine, threonine, and pyruvate) were used, more biomass was produced when acetate was included in the medium. The fact that formation of butyrate is indeed favored in strain 30AT was observed when this organism was grown on pyruvate. Instead of producing the energetically more favorable end product acetate (1 mol of ATP produced per mol of pyruvate), the organism produced only butyrate (0.5 mol of ATP produced per mol of pyruvate) ( Table 1 ). The observed fermentation patterns of Clostridium sp. strain 30AT suggest that leucine is deaminated to a-ketoisocaproate, which is further decarboxylated to isovalerate. The reducing equivalents produced during the deamination step are used to reduce acetate to butyrate. The AGO' values were calculated on the basis of data of Thauer et al. (40) .
Further work is now under way to investigate what metabolic pathway is used for the conversion of acetate to butyrate and to determine if any additional energy is gained in this pathway.
Description of Clostridium acetireducens sp. nov. Clostridium acetireducens (a.ce.ti.re.diicens. L. neut. n acetum, vinegar; L. pres. parti. reducens, reducing; L. neut. adj. acetireducans, vinegar or acetic acid reducing). The main characteristic of the species is its ability to use acetate as an electron acceptor during growth on leucine, valine, isoleucine, and alanine. The reduced product is butyrate.
C. acetireducens cells are strictly anaerobic, straight rods that are 1 Fm in diameter and 6 Fm long. The organism is nonmotile, and no flagella or spores are observed. Gram reaction positive, as confirmed by electron micrographs showing a thin S-layer. Growth occurs at pH 6.0 to 8.2, and the optimal pH is 6.4 to 7.6. The temperature range for growth is 30 to 45"C, and the optimal temperature is 39 to 43°C.
C. acetireducens requires yeast extract for growth. It grows on leucine, valine, isoleucine, and alanine only in the presence of acetate. Other substrates utilized are peptone (a pancreatic digest of casein), serine, threonine, a-ketobutyrate, a-ketoisocaproate, a-keto-3-methylvalerate, and a-ketoisovalerate. C. acetireducens does not grow on saccharides, citrate, succinate, propionate, H,-acetate, ethanol, or other amino acids, and it cannot use fumarate, sulfate, sulfite, nitrate, nitrite, or oxygen as an electron acceptor.
Type strain. Strain 30A (= DSM 7310) is the type strain of C. acetireducens. G + C content of C. acetireducens is 28.5 mol% (as determined by the thermal denaturation method).
